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Abstract 
The ability of neutrophils to carry out chemotaxis n response to low chemoattractant concentrations, but arrest heir motility when 
exposed to higher concentration:s of the same substance, has fascinated investigators for years. By analyzing the temporal characteristics 
of the morphological responses, corresponding to chemotaxis and cell arrest, we have recently discovered that the choice between them is 
made by transduction of the continuous binding process into either single or multiple stimuli within defined time intervals, initiating 
chemotaxis or cell arrest, respectively. Both experimental nd theoretical lines of evidence are presented to support he validity of this 
unique mechanism. 
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1. Introduction 
Neutrophils defend the body against pathogenic infec- 
tion by migrating along gradients of chemoattractants re- 
leased by the infecting microorganisms [1-3]. Low con- 
centrations of the chemoattractant induce 'whole-cell 
polarization' [4,5] and vec, torial migration toward the 
chemoattractant source (chemotaxis). At higher concentra- 
tions the neutrophils arrest their motility [6-9] and carry 
out bactericidal activities, geared to destroy the intruder 
[2,10,11]. 
The coordination of chemotaxis and the subsequent cell 
arrest requires fine regulation. The nature of chemotactic 
signal perception has been the subject of a long-standing 
controversy. In early models, orientation of the cells was 
thought o be determined by the difference in occupancy of 
spatially distinct cell surface receptors [4,12-14]. Accord- 
ing to these spatial models, the shift from chemotaxis to 
cell arrest resulted from an increase in receptor occupancy. 
Subsequently, the importance of temporal considerations in 
signalling began to be appreciated [1,13,15-17]. Nonethe- 
less, it gradually became clear that neither chemotactic 
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receptor occupancy nor rate of binding could account for 
the choice between the chemotactic and bactericidal re- 
sponses. [18,19]. Recently, the 'first hit' concept was 
introduced in an attempt to avoid the previous requirement 
that the cells monitor the chemoattractant gradient. Ac- 
cording to this model, the first hit elicits the formation of a 
pseudopod at the site of binding. High dose stimulation 
leads to simultaneous multiple hits that result in amor- 
phous cell shapes and loss of chemotactic potential [6,20]. 
However, the first hit notion alone fails to explain the shift 
to cell arrest. Without specific temporal boundaries for the 
first binding event or for the response, any sequential 
binding is expected to elicit single pseudopod polarization, 
as the model assumes that only the first hit is capable of 
initiating a polarization response. The possibility that cell 
arrest could result from multiple simultaneous hits is clearly 
highly unlikely, as the probability of truly simultaneous 
binding is practically zero. 
In the search for a likely mechanism that could account 
for the shift between chemotaxis and cell arrest, we de- 
cided to investigate the temporal characteristics of the 
morphological response. These studies have revealed that 
the choice between chemotaxis and cell arrest is made by 
transduction of the continuous binding process into either 
single or multiple stimuli within a defined time interval, 
called 'the time window'. 
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2. Materials and methods 
2.1. Cell preparation 
Neutrophils were isolated from peripheral blood of 
healthy donors according to the modified Boyum method 
previously described [21]. This procedure yielded > 95% 
neutrophils with platelet contamination that did not exceed 
2% of the cell number. 
2.2. Morphological responses 
Suspensions of 4 .10 6 neutrophils in 0.4 ml buffer 
(Hank's balanced salt solution, supplemented with 10 mM 
Hepes and adjusted to pH 7.2; HHB) were vigorously 
stirred (500 rpm) at 37°C. The neutrophils were stimulated 
by injecting 4 ~1 of fMet-Leu-Phe solution (100-fold times 
the final concentration) i to each stirred suspension, yield- 
ing a uniformly distributed chemoattractant stimulation. 30 
s after the last stimulation, the cells were fixed by the 
addition of 0.4 ml of ice-cold 10% formaldehyde in HHB. 
The fixed cells were classified by light microscopy into 
three morphological categories: spherical, wedge-shaped, 
and polypolar. Each suspension was evaluated by deter- 
mining the frequencies of the three cell shapes in 12 
samples of 100 cells each. 
2.3. Chemotaxis 
Neutrophil suspensions (2.106 in HHB) were applied 
to glass cover-slips at room temperature. The cover-slips 
were mounted, with the neutrophils pointing downward, 
onto a Zigmond Chamber [4], whose source and sink 
compartments were both loaded with HHB. 6 min later the 
contents of the source well were discarded and replaced by 
20 nM fMet-Leu-Phe in HHB with the aid of a fixed 
syringe. In parallel, a peristaltic pump was used to initiate 
a continuous flow of 20 nM fMet-Leu-Phe in HHB into 
the source well. The rate of flow was at 10 /xl/min. A 
second stimulation phase began after an additional period 
of 6 min, when the solution pumped into the source well 
was replaced by 1 /xM fMet-Leu-Phe in HHB. The shape 
of the neutrophils was continuously monitored by light 
microscopy and recorded by a video setup. 
2.4. Time-course of fMet-Leu-[ 3H]Phe uptake 
take was assayed by fast filtration (GF/C filters, What- 
man, UK) followed by four successive washes with 1 ml 
ice-cold HBB. Nonspecific fMet-Leu-[3H]Phe uptake was 
determined in a parallel incubation system containing 1 
/zM unlabeled fMet-Leu-Phe. 
3. Results and discussion 
Observations of neutrophils responding to different 
chemoattractant concentrations have led us to conclude 
that neutrophils adopt any one of three cell morphologies: 
spherical (Fig. 1A), wedge-shaped (i.e., bearing one pseu- 
dopod per cell; Fig. 113) or polypolar (i.e., bearing more 
than one pseudopod per cell; Fig. 1C). Determination of
the distribution of neutrophil morphologies a  a function of 
the chemoattractant concentration (Fig. 2A) revealed a 
strong correlation between the dose dependence of the 
wedge-shaped morphology and that of the chemotactic 
response (Fig. 2B). Similarly, the progressive increase in 
the fraction of polypolar neutrophils with fMet-Leu-Phe 
dose paralleled the dose-dependencies of cell arrest and the 
bactericidal ctivities. We further established this correla- 
tion by examining the response of glass-adhered neu- 
trophils in a Zigmond chamber to a sudden increase in the 
magnitude of the gradient. When exposed to a gradient of 
20 nM/mm fMet-Leu-Phe, the neutrophils exhibited a 
periodical behavior which included cycles of extension of 
a single pseudopod per cell (completed within 20-30 s), 
crawling for an additional 30-50 s, and withdrawal of the 
pseudopod. When the magnitude of the gradient was in- 
creased to 1 /zM/mm fMet-Leu-Phe, pseudopodia could 
be detected simultaneously at two (or occasionally three) 
loci on the surface of each single cell. The cells failed to 
progress in any one direction. 
We then compared the kinetics of chemoattractant bind- 
ing to that of the morphological response. Representative 
recordings of the changes in fMet-Leu-Phe uptake, and in 
the distribution of morphologies in a suspension stimulated 
by 10 nM fMet-Leu-Phe, are depicted in Fig. 3. The 
time-course isotherm of specific fMet-Leu-[aH]Phe uptake 
(Fig. 3a) was characterized by a monotonic hyperbolic 
increase of the fMet-Leu-[3H]Phe bound with time. The 
distribution of cell morphologies, on the other hand, 
reached a new steady state value within 30 s after stimulus 
Uptake of fMet-Leu-[3H]Phe was carried out in rigor- 
ously agitated incubation systems that contained 2.5.107 
neutrophils in 2.5 ml HHB at 37°C. Stimulation was 
achieved by injecting 25 /xl of 1 /xM fMet-Leu-[3H]Phe, 
yielding a final concentration f 10 nM. A time course of 
the fMet-Leu-[3H]Phe uptake was constituted of a series of 
determinations of neutrophil-associated ra ioactivity in 
aliquots of 150 /zl that were taken from the incubation 
system according to a predetermined schedule. Total up- 
I 
Fig. 1. Three categories of the morphological response of neutrophils to 
fMet-Leu-Phe: spherical (A), wedge-shaped (B), and polypolar (C). Neu- 
trophils in suspension were stimulated by either buffer (A), 10 nM (B) or 
1 /zM (C) fMet-Leu-Phe, and fixed by 5% formaldehyde after 30 s. 
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(Fig. 3b), and remained constant for 10 min although 
receptor occupancy continued growing. Indeed the receptor 
occupancy reached levels that could have accounted for 
the appearance of more polypolar cells, had they been 
reached earlier as a consequence of a higher initial dose. 
The same phenomenon was detected in suspensions stimu- 
lated by chemoattractant doses ranging from 0.1 nM to 1 
/~M. These data suggest that the choice of the type of 
response (chemotactic vs. cell arrest, wedge-shape vs. 
polypolar) is determined ea.rly on after stimulation, and 
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Fig. 2. The correlation between the morphological responses of neu- 
trophils and their functional responses. (A) The distribution ofneutrophil 
morphologies between the three categories. Stirred neutrophil suspensions 
at 107/ml (37°C) were stimulated by injection of fMet-Leu-Phe doses, 
ranging from 0.1 nM to 10 /zM (final concentrations). 30 s after 
stimulation the cells were fixed by formaldehyde (5% final concentration). 
The fractions of spherical (O), wedge-shaped (•) ,  and polypolar (12) in 
each neutrophil suspension were determined by light microscopy. Each 
experimental point was determined hyaveraging 12 readings of 100 cells 
each. This figure represents 11 experiments performed with 8 different 
donors. (B) The dose dependence of ehemotaxis, as quantified by the 
leading front technique ( • ), and of the bactericidal ctivity, represented 
by the fraction of maximal superoxi,:le anion production (• )  or lysozyme 
release (12) (modified from Yuli et al. [9]). 
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Fig. 3. The time-courses of fMet-Leu-[3H]Phe specific binding and the 
morphological response ofneutrophils stimulated by 10 nM fMet-Leu-Phe. 
(A) The neutrophil-associated fM t-Leu-[3H]Phe asdetermined in 150/~1 
aliquots taken at the indicated time-points from 2.5 ml incubation systems 
of 107 cells/ml buffer at 37°C, stirred at 500 rpm, and stimulated attime 
zero by a single injection of 10 nM fMet-Leu-[3H]Phe. Non-specific 
binding was determined with 10 nM fMet-Leu-[3H]Phe in the presence of
1 /zM fMet-Leu-Phe, and subtracted from the original values. (B) The 
distribution ofcell morphologies a detected in standard cell suspensions 
stimulated by a single 10 nM fMet-Leu-Phe dose. The cells were fixed by 
5% formaldehyde at the indicated time-points and the number of cells in 
each category (spherical (O), wedge-shaped (A), and polypolar (12)) 
was counted under a light microscope. 
that all binding events which occur beyond a certain time 
point are essentially ignored. Thus, a rapid desensitization 
process must be involved in signal perception. The ability 
of glass-adhered cells to carry out more than one cycle of 
polarization suggests that the desensitization responsible 
for the breakdown of the continuous binding process must 
be reversible. The time scale of a whole cycle, as derived 
from the length of a chemotactic cycle of adhered cells, is 
in the order of single minutes. Assuming that in order for 
the cell to distinguish between different concentrations 
each pseudopod must reflect the perception of a single 
signal, we estimate the time scale of desensitization to be 
in the subsecond range. 
To establish further the non-cumulative, non-integrative 
mode of perception implied by the above results, we 
exposed neutrophil suspensions to stimuli of equal doses, 
applied to the cells according to different temporal pat- 
terns. We sought to prove that multiple pseudopodia could 
not be formed in a cumulative process as a result of a 
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Table 1 
The effect of the temporal pattern of stimulation on the morphological 
responses ofneutrophils 
Pattern of stimulation Fractional distribution ofcell shapes 
Spherical Wedge-shaped Polypolar 
One 100 nM pulse 0.08 ___ 0.07 0.46 + 0.08 0.46 ___ 0.07 
Ten 10 nM Pulses 0.05 + 0.05 0.88 -I- 0.07 0.07 _+ 0.06 
One 10 nM pulse 0.29+0.09 0.67+0.08 0.04+0.04 
Neutrophil suspensions (0.4 ml of 10 7 cells/ml) were stimulated by 
injecting 100 nM fMet-Leu-Phe (final concentration) followed by nine 
injections of 4 ~1 buffer given every 30 s. In a parallel suspension, cells 
were stimulated 10 times by 10 nM fMet-Leu-Phe given once every 30 s. 
A third suspension was stimulated by a single 10 nM stimulus, followed 
by 9 injections of buffer. All neutrophil suspensions were fixed by 5% 
formaldehyde 30 s after the last injection and the distribution of cell 
shapes (fractions of spherical, wedge-shaped, and polypolar cells out of 
the total population) was assessed under a light microscope. The values 
shown are the mean and S.D. of twelve xperiments per treatment. 
gradual increase in the chemoattractant concentration. To 
this end, we compared the distribution of cell shapes 
initiated by a single 100 nM dose with that induced by the 
same dose when applied in ten successive 10 nM pulses, 
given once every 30 s. A third suspension was stimulated 
by a single 10 nM stimulus. The dilution effect caused by 
the additional stimuli was balanced by addition of buffer. 
All neutrophil suspensions were fixed 30 s after the last 
stimulus and the distribution of cell morphologies was 
examined. The distribution of cell morphologies in the 
three sets of suspensions is presented in Table 1. In spite 
of an equal final fMet-Leu-Phe concentration (100 nM), 
the population stimulated by the ten 10 nM pulse protocol 
consisted mainly of wedge-shaped cells, while the popula- 
tion stimulated by the single 100 nM dose exhibited equal 
proportions of wedge-shaped and polypolar cells. In the 
suspension stimulated by a single 10 nM pulse about a 
1 /3  of the cells were spherical, and practically all the rest 
were wedge-shaped. It turned out that the repetitive stimu- 
lation elicited linear polarization of additional neutrophils, 
but failed to promote polypolarization to a level equal to 
that elicited by the same dose when given as a bolus. 
Dissipation of the chemoattractant could not account for 
this difference, as its effect is smaller in the suspension 
stimulated repeatedly by fresh chemoattractant than in the 
one stimulated by a single dose. Therefore, it can be 
concluded that the morphological response is not the result 
of integration of signals or the cumulative chemoattractant 
concentration, but it is rather a function of the step in- 
crease in chemoattractant concentration. Thus, the forma- 
tion of multiple pseudopodia occurs only when the step 
increase in chemoattractant concentration exceeds a certain 
threshold. These results can be explained by the involve- 
ment of two adaptation processes: rapid inactivation and 
classical adaptation. The first is responsible for the break- 
down of the continuous binding process into discrete per- 
ception units. By limiting the time during which signals 
are perceived to a short period, immediately after the first 
binding event, this process reduces the number of signals 
that the cell has to deal with to single ones. The number of 
binding events occurring until the switch-off is completed 
reflects the ambient chemoattractant concentration, and 
determines the number of pseudopodia formed. To achieve 
its goal, this process must be characterized by an ex- 
tremely rapid and complete inactivation of signalling and 
therefore it most probably affects all the chemotactic re- 
ceptors. Since binding to the receptors is not prevented by 
this mechanism (Fig. 3), we suggest hat inactivation of the 
signalling involves uncoupling of the receptors from their 
transduction machinery. This inactivation is reversible 
within tens of seconds. 
The second adaptation process reduces the sensitivity of 
the cells to the chemoattractant, thus restricting the respon- 
siveness of the cells to conditions of increasing concentra- 
tions (gradients) and preventing a shift from wedge-shaped 
to polypolar unless a high step increase is encountered. 
Classical adaptation has been shown before for other 
chemotactic responses, such as calcium elevation [22] and 
GTPase activity [23]. This process is relatively slow (tens 
of seconds), but lasts tens of minutes. It resembles imilar 
processes known to uncouple only those receptors which 
are bound by the ligand from their transduction machinery 
via phosphorylation. 
These data form the basis for an understanding of the 
mechanism of chemotactic signal perception by neu- 
trophils. It appears that neutrophils can adopt either one of 
two states: 'standby' or 'active'. The standby mode can 
persist for an unspecified length of time until a stimulation 
event occurs. The transition into the active state is elicited 
by a stimulation event, consisting of the association of a 
certain number of chemoattractant molecules with their 
specific receptors. These receptors must be located within 
the same zone on the cell surface, so that the distance 
between them does not exceed a certain threshold value. A 
stimulation event leads to both inhibitory and excitatory 
effects. The former consists of a rapid (subsecond range) 
switch-off of the signalling ability of the chemotactic 
receptors over the entire cell surface. The time required for 
the completion of the switch-off of signalling is denoted as 
the 'switch-off time'. During this period the cell gradually 
loses its ability to perceive chemotactic signals, so that 
during the following refractory period association events 
are essentially ignored. In parallel, a series of local sec- 
ondary signals, leads to actin polymerization and assembly 
of contractile filaments, which in turn form a pseudopod in 
the vicinity of the originally interacting receptor. The 
termination of the active state within a minute is predeter- 
mined by the intrinsic schedule of the secondary signals 
and the locomotion mechanism. This time is sufficient for 
the completion of a motility cycle of pseudopod extension, 
crawling for a certain distance and withdrawal of the 
pseudopod ue to disassembly of microfilaments and de- 
polymerization of f-actin. In parallel, the receptors regain 
their sensitivity and the cell resumes its standby state. It is 
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important to note that each ,;timulation event is individu- 
ally transduced independent of other stimulation events 
which may occur within the :same time period. 
At low concentrations of chemoattractant, an associa- 
tion event is anticipated to activate the cell and elicit both 
pseudopod extension and switch-off of receptors. As the 
rate of association is not sufficient to allow additional 
binding events within the switch-off time, one pseudopod 
per cell and a wedge-shaped morphology are expected 
(Fig. 4). These wedge-shaped cells are regarded as the 
functional chemotactic cells, capable of orienting and mi- 
grating in a gradient. Chemotaxis i comprised of a series 
of discrete active phases separated by standby phases. 
Migration takes place during the active phases as the cells 
crawl forward by moving their cytoplasm in the direction 
of the pseudopod. Vectorial migration is persistent when 
pseudopod extension is confined to a narrow angle for a 
series of individual chemotactic steps, as in the case of 
exposure to a gradient. The fact that each stimulation event 
consists of several association events occurring not only 
within a limited time but also within a limited zone on the 
cell surface is responsible for an amplification of the 
chemoattractant concentration difference between the front 
of the cell and its rear. However, a gradient is not obliga- 
tory for triggering cell responses. Any encounter with a 
chemoattractant molecule suffices to yield a responsive 
neutrophil, as observed in numerous tudies with evenly 
distributed chemoattractant [5,8,16]. 
At much higher chemoattractant concentrations, the as- 
sociation rate is presumably high enough to squeeze one or 
more stimulation events within the switch-off time. If the 
multiple binding events occur at distant loci, the cell will 
display two, three, and sometimes four separate pseudopo- 
dia (Fig. 4). On account of the similarity in their manner of 
formation, the many pseudopodia of polypolar cells are 
assumed to be functionally identical to the single pseudo- 
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Fig. 4. An illustration of the time window mechanism. 
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Fig. 5. The theoretical dose-dependence of spherical, wedge-shaped, and 
polypolar morphologies. (A) The normalized ependence of binding on 
fMet-Leu-[aH]Phe concentration. Neutrophil suspensions (150/zl incuba- 
tion systems of 107 cells/ml buffer at 37~C, stirred at 500 rpm) were 
stimulated at time zero by a single injection of either 10 -1°, 10 -9, 10 -8, 
10 -7, or 10-6 M fMet-Leu-[3H]Phe and the neutrophil-associated fMet- 
Leu-[3H]Phe was measured 30 s later. The results are presented as 
fractions of maximal binding. (B) The Poisson distribution of the proba- 
bility of reaching zero (--), one (--), and > 1 (---) stimulation events 
within a time-window. (C) The theoretical distribution of the probability 
of obtaining spherical (--), wedge-shaped (--), and polypolar (---) 
morphologies, as derived from the integration of the dose dependence of
binding and the Poisson distribution. 
pod of a wedge-shaped cell. Therefore, the occurrence of 
multi-pseudopodia oes not inhibit neutrophil mobility per 
se, but rather denies the cells a clear choice of the crawling 
direction. Polypolar neutrophil motility consequently de- 
clines, in proportion to the angular spread of the pseudopo- 
dia. 
The validity of this mechanism was tested with respect 
to the prediction that the number of pseudopodia formed 
depends on the chemoattractant concentration, and is lim- 
ited by the length of the time window. Accordingly, 
spherical cells represent cells to which no chemoattractant 
was bound, and wedge-shaped cells are cells to which only 
one quantum of chemoattractant molecules was bound. 
Polypolar cells result from the binding of a high number of 
molecules within the switch-off time, sufficient o account 
for two, three or even four stimulation sites on the cell 
surface. The probability of the first stimulation event is 
easily derived by normalization of the dose-response curve 
of fMet-Leu-Phe binding (Fig. 5A). A quantitative r lation 
between the chemoattractant concentration and the proba- 
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bility of a number of stimulation events, n, occurring 
within a time window of length r w (representing the 
switch-off time) can be derived by the following consider- 
ations. The time window consists of a large number (N) of 
time elements At, where At is the minimal duration 
necessary for the registration of a binding event (r w = NAt). 
The probability density for a binding event o occur within 
At is given by p, which is proportional to the chemo- 
attractant association rate, and hence is a function of its 
concentration. For simplicity, p was assumed to be con- 
stant for every element At of a given time window r w. 
The probability for n binding events within the time 
window, P(n), is given by the Poisson distribution (Fig. 
5B): 
P(n) = ( l /n ! ) .  (prw)". exp(-Prw) (1) 
Comparison of the curves derived from these calculations 
(Fig. 5C) with both the dose response curves of cell 
morphology (Fig. 2A) and those of chemotaxis and bacte- 
ricidal response (Fig. 2B) reveals excellent correlation. 
This correlation was further improved when we introduced 
a decreasing probability of binding during the switch-off 
time, reflecting the gradual propagation of a putative in- 
hibitory signal. The curves derived according to these 
considerations exhibited a delay in the appearance of 
polypolar cells, and a reduction in their maximal fraction, 
similar to the experimental results. 
The time window mechanism is unique in offering a 
unified explanation for the various responses involved in 
the inflammatory reaction of neutrophils. The requirement 
for time and space coincidence provides the amplification 
necessary for the neutrophils to sense gradients, while the 
independence of successive chemotaxis teps equips the 
neutrophils with the freedom to adjust both their orienta- 
tion and their function to the changing conditions of their 
environment. 
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